Introduction
In recent years, a number of techniques have evolved for building spectroscopic instruments based on tunable diode lasers that can be used to selectively measure trace concentrations of specific dangerous or undesirable gases that are entrained in a mixture of other gases [1] [2] [3] [4] . Now, the engineering and manufacturing processes needed to develop these spectrometers into commercially available systems has been completed. A key aspect of the commercialization process has been to configure the instruments in a fashion that makes them easy to:
. manufacture;
. install permanently;
. use continuously and reliably; and .
service.
We have created a family of modular instruments called SpectraScan that can be configured from interchangeable components to service a specific application. These instruments monitor, record, and report low levels of gas concentrations along open lines of sight or within closed sampling cells. They are designed for installation in harsh environments, and incorporate automatic alarms, calibration, and self-health monitoring features that are critical for acceptance by users. Standard interfaces are available for remote communications with other plant monitoring or control equipment.
Applications include:
. open-path sensing of fugitive hazardous compounds affecting worker safety around production areas or pipe lines; and
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Abstract
The advantages of lasers over broad-band light sources for spectroscopic measurements have long been recognized. Laser techniques offer the ability to measure the concentrations of trace species in a gas stream in``real time'' with sensitivity and molecular selectivity not possible with broad band spectroscopic techniques. Until recently, the use of laser-based instruments has been largely limited to laboratory or one-of-a-kind devices. However, the increased availability of solid-state tunable diode lasers, recent advancements in fiber optic coupling and advanced signal processing have made it possible to develop instruments that offer customers enabling technology at an affordable price. Spectrum Diagnostix has developed a family of tunable diode laser-based instruments used in a variety of applications including: fugitive release detection of HF and H 2 S in the refining and petrochemical industries, stack monitoring, and using extractive sample probe, in situ process control. SpectraScan instruments obtain their high sensitivity and chemical selectivity utilizing a technique known as wavelength modulated spectroscopy. Described simply, a near infra-red diode laser's wavelength is scanned rapidly and repeatedly through a molecular absorption line. A photodetector senses the instantaneous fraction of emitted laser power that is transmitted through the chemical bearing gas. Measurement of the relative amplitudes of offline to online transmission yields a precise value of the quantity of chemical along the laser beam's path. The amplitude modulated signals are then detected using established radio receiver and signal processing techniques. The SpectraScan monitors are designed for permanent installation in harsh industrial and petrochemical environments and are approved for Class I, Division 2 hazardous area use. Describes the SpectraScan instruments, their field applications, and reviews operating data compiled from open path measurements of HF in refineries.
Electronic access
The 
Background
SpectraScan monitors rely on well-known spectroscopic principles coupled with recent advances in diode lasers and optical fibers developed by the telecommunications industry and a newly-perfected detection technique called wavelength modulated laser absorption spectroscopy [5, 6] . All gas molecules absorb energy at specific wavelengths in the electromagnetic spectrum, thus providing a unique absorption signature for that chemical. At wavelengths slightly different than these absorption lines there is essentially no absorption. By passing a beam of light through a sample of the target gas, tuning the beam's wavelength to one of the target gas's absorption lines, and accurately measuring the absorption of that beam, one can deduce the concentration of target gas molecules integrated over the beam's path length. This measurement is usually expressed in units of parts per million-meter (ppm-m).
The tunable diode lasers (TDLS) used in SpectraScan serve as the wavelengthselectable light source. They are solid-state lasers, packaged with thermoelectric coolers and thermistors that permit the laser temperature to be regulated with an accuracy better than 50mK. Accurate control of the electrical current supplied to power the laser permits precise selection of the laser wavelength. The laser linewidth is considerably narrower than molecular absorption linewidths. These combined features provide the means for tuning the instrument to a specific molecular absorption line which is selected to be free of interfering absorptions from other molecules.
The center wavelength is also continually scanned across the selected absorption line. While this scanning occurs, the fraction of emitted laser power that is transmitted through the gas mixture is monitored with a photodetector. When the wavelength is tuned to be off the absorption line, the transmitted power is higher than when it is on the line. Measurement of the relative amplitudes of off-line to online transmission yields a precise value of the target gas concentration along the path transited by the laser beam. In SpectraScan, the laser wavelength is scanned across the absorption line roughly two million times per second, causing the detector to generate a signal that contains a 2MHz amplitude modulated voltage. This signal is detected using established, highly sensitive, signal-processing techniques while remaining free of interfering signals from external radio, light or heat sources. Thus, the tunable diode laser spectrometer offers a combination of sensitivity and freedom from crosssensitivity to other molecules that, for many chemicals of interest, is not otherwise available.
SpectraScan instruments use proprietary hardware and software to operate in two measurement modes concurrently. In thè`n ormal'' measurement mode, the highsensitivity capability described above is utilized to continually monitor low gas concentrations with a nominal one second time constant. The dynamic measurement range in the normal mode is about 1,000:1. The minimum sensitivity is typically 1ppm-m, depending on gas species and system configuration. The``event'' mode is less sensitive than the normal mode, but responds more than 100 times faster. Its purpose is to assure detection of response to catastrophic events which may form a cloud that obscures the laser beam's path. For example, the event mode will detect the leading edge of an HF cloud and activate appropriate alarms within one second of detection.
The lasers produced by early developers of the wavelength modulation detection techniques relied on liquid nitrogen cooling for thermal stability. The liquid nitrogen needed to be replenished frequently by a human operator, thus limiting the continuous use of these devices in hazardous environments. The laser packages that we use were developed by, and are marketed primarily for, the telecommunications industry, which demands continuous, reliable, unattended operation. These lasers generate light at near-infra-red wavelengths and are readily coupled to optical fibers, making possible long-distance transmission of the laser beam. The lasers, along with their associated electronics and microprocessor, therefore, can be located remotely from harsh or hazardous measurement areas.
The laser beam used by each SpectraScan monitor originates in a control console that may be located up to 1km from the measurement path. The laser beam is brought via optical fiber to the beginning of the measurement path, the beam exits the fiber and is transmitted into the gas bearing the target species.
At the opposite end of the measurement path, the laser beam impinges upon a photodetector, where the information it carries is converted into an electrical signal. The electrical signal is returned to the electronics console via coaxial cable. At the console, the signal is processed and the path-integrated target gas concentration is reported. Each console can service up to four measurement paths, which may be of either the``open-path'' or``process control'' configuration.
Open-path configuration
The open-path instruments transmit an eye-safe laser beam along a line of sight up to 200m in length. A typical open-path installation is illustrated by Figure 1 . An optical transceiver is securely mounted at one end of the path, and a hollow corner-cube type retroreflector is mounted at the opposite end. The control console is typically located in a control room or similar benign environment.
The transceivers are certified for installation in Class I, Division 2, Groups B, C, and D classified hazard environments, where hazardous concentrations of flammable gases or vapours may be present due to intermittent abnormal operating conditions. The transmitter portion of the transceiver is aimed during installation to direct the eye-safe laser beam on to the retroreflector which redirects the beam back to the receiver section. The transceiver design passively separates the transmitted beam from the received beam, and focuses the received beam on to the photodetector.
Process control probe
The SpectraScan Process Control (PC) monitors employ the same basic control console, but measure target gas concentrations within closed multi-pass optical cells installed in measurement chambers through which the gases of interest are continuously drawn.
One version of this configuration incorporates a Herriot-style optical cell that is installed within a low-pressure chamber. In the Herriot cell, the laser beam is reflected between a pair of mirrors many times before emerging from the cell and striking the photodetector. In our cells, the laser beam Figure 1 SpectraScan open-path monitor field configuration transits the 25cm cell length 40 times, thus providing the sensitivity of a 10m optical path. The Herriot cell design is thermal and optically stable. They are installed in measurement chambers of one litre volume. By operating the chambers at low pressure (< 0.25 atm) rather than atmospheric pressure, the gas exchange rate is increased, thereby enhancing the instrumental response time, and the spectroscopy is simplified by reducing absorption line widths and making more absorption lines accessible with freedom from interference by nearby absorption lines of other gas species.
System console
The SpectraScan system console comprises a number of modular components, as illustrated by Figure 2 . Each module performs a specific function, and the specific submodules used in any particular instrument depends on the gas being monitored and the number of measurement paths used. The modules include:
. Control console module comprises: ± laser transmitter submodule including a tunable diode laser plus its drive and control electronics; ± reference cell containing a small amount of the target gas and providing a feedback signal used to lock the laser wavelength to the target absorption line; ± analog signal processors that extract the absorption signal information from each detector's output and convert it to a format suitable for analysis by an embedded digital computer/controller; ± signal analyzer and system controller submodules that interpret the processed absorption signals and provide appropriately formatted outputs. The system controller also monitors and stores system operating parameters, facilitating start-up and permitting automatic identification of system problems; ± user interface which provides visual indications of measured gas concentrations and any abnormal operating conditions.
. Power supply module that is configurable to convert all worldwide AC power standards to the DC voltages needed to operate the other modules.
. System interface module that houses relays indicating system status and connections between the relays, 4-20mA concentration output, and serial digital outputs to other equipment. These signals can be used to activate alarms or to automatically initiate emergency procedures.
. A temperature control module houses a pair of PID controllers for each extraction probe (heated extraction probes only).
These modules are intended for installation in a 19in. rack. Optional system console housings include NEMA rated enclosures as needed to suit its installation environment. Air-purging for enclosures is available.
Application
Open-path monitoring at oil refineries Toxic chemicals, such as hydrogen sulfide (H 2 S) and hydrogen fluoride (HF) are used or produced as by-products at many refineries. Though normally not released to the atmosphere, refinery operators want to continuously monitor areas near storage areas, pipelines, and processing sites to detect and correct small leaks of these hazardous gases before they become serious problems. SpectraScan is used in an open path configuration to meet these needs. A laser beam is projected from one of the system's transceivers to a remotely located retroreflector. The SpectraScan system then reports the amount (expressed as ppm-m) of the gas species being monitored along the path. The minimum sensitivity for HF measurement is about 0.2ppm-m, and for H 2 S, about 5ppm-m. These units can be interpreted as meaning that a one meter diameter cloud containing 5ppm of H 2 S would be detected by SpectraScan. This detection limit can be contrasted with accepted exposure standards of 20 ppm over an eight-hour period. At concentrations of a few hundred ppm, H 2 S can no longer be smelled and is lethal in a few minutes.
Thus the sensitivity offered by SpectraScan is more than adequate to help assure safe working conditions. Similarly, the accepted safe eight-hour exposure to HF is 3ppm, well above SpectraScan's minimum sensitivity.
We have found SpectraScan to be useful for monitoring very low levels of ambient HF that are present during normal refinery operations. For example, the sensitivity of 0.2ppm-m translates into a sensitivity of 2ppb distributed uniformly over a 100m path. This exquisite sensitivity to low average concentrations is now being used to help refinery operators contain previously undetected emissions.
A SpectraScan open-path monitor has been operating continuously within the HF alkylation unit of a North American refinery since July 1995. The instrument was configured with two measurement paths, each about 80m long. Some typical data acquired by this instrument over a 24-hour period on a latesummer day are shown in Figures 3, 4 and 5. Figure 3 shows a voltage proportional to the laser power received at each detector. Although there are some insignificant gradual variations in the received power, due primarily to small movements of the transceiver on its mounting post, this Figure shows that the laser beam was transmitted and received essentially continuously throughout the recorded period. The short-lived interval where the laser power on Path 1 drops to zero is called a beam block, and is the result of refinery workers walking in the beam's path. SpectraScan automatically recognizes beam blocks and, when one occurs, it freezes the blocked path's reported concentration at the last known value, instead of updating the data stream. It also activates a warning that communicates the blocked condition on an LED indicator on the user interface panel and closure of a relay in the system interface module. Figure 4 shows some of the internal system signals that are continually monitored to assure that the instrument is operating properly. These signals include: the laser drive current (current), the laser temperature (temp.), the output of a photodiode that monitors the laser's output (photo), the ambient temperature of the control console (backplane), and the current required to operate the thermoelectric cooler that The combined data of Figures 3 and 4 assure us that the instrument is operating normally. Figure 5 shows the HF concentration reported along the two paths during this period. (Note that these data were selected from months of daily traces specifically to make this illustration.) The data are characterized by a typical low concentration of a few ppm-m, which translates into an average ambient concentration of a few tens of ppb, well within accepted safety limits. (Note that the zero points of the two data sets have been offset from each other for clarity.) HF emissions greater than the usual ambient are seen for two periods in these data: first a period lasting about 90 minutes, and later a short-lived``spike''. Path 1 shows higher concentrations because of wind direction. The 90-minute emission was caused by maintenance work on a pump in the alkylation unit. The spike was attributed to a specific plant maintenance operation that was previously believed to not cause any HF release, because the release was too small to be detected by other instruments. Plant operations have since been modified to minimize releases from that type of operation.
Conclusion
The main advantages of this technique over competing optical monitoring methods are the sensitivity, immunity from interferences, and speed of response. In addition, the instruments are robust, reliable, and cost effective. There are no moving parts, and delicate electronic components can be located in benign environments while being connected via rugged optical fiber to measurement paths located in harsh or hazardous areas.
Of course, all optical techniques offer significant advantages when compared to non-optical sensors in many applications. Open-path measurements like those described herein are possible only optically. Optical measurements are generally nonintrusive, that is, they do not interact with or perturb the sample being measured. For these reasons, we look forward to explosive growth 
